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SYMBOLS 
The following symbols are used in this dissertation and are 
defined as indicated: 
A Area of surface 
B Constant 
C Constant 
c f  Friction factor defined in Equation 3 4 
D Constant 
d Diameter 
e Average hot-wire bridge voltage without 
flow 
ë Average hot-wire bridge voltage with flow 
Root-mean-square value of f luctuating hot­
wire voltage (see note at  end of l ist)  
g Acceleration of gravity 
H Head 
h Convective heat transfer coefficient 
i  Current 
k Thermal conductivity of air  evaluated at  
8  at the mean boundary layer temperature 
k Thermal conductivity of plate material  
L Scale of turbulence 
m Exponent in Equation 33 
N.- Nusselt  number based on distance from 
ux leading edge, x 
V 
Reynolds number based on distance from 
leading edge, x 
Reynolds number based on boundary layer 
thickness,  5 
Power 
Pressure 
Mean pressure 
Fluctuating pressure 
Heat transfer rate 
Net energy loss by convection 
Energy loss by conduction 
Energy loss by radiation 
Resistance; result  function in uncertainty 
analysis 
Resistance at  a reference condition a 
Correlation coefficient 
Turbulence intensity 
Absolute ambient temperature 
Absolute temperature of plate surface 
Tempera ture 
Temperature of plate back 
Temperature of air  stream or fluid 
Temperature of plate surface, general 
surface in Equation 1 
Free stream velocity 
Mean free stream velocity 
Fluctuating component of free stream 
velocity 
vi 
Root-mean-square value of f luctuating 
component of free stream velocity (see 
note at  the end of l ist)  
Velocity in x-direction in boundary layer 
Mean velocity in x-direction in boundary 
layer 
Fluctuating velocity in x-direction in 
boundary layer 
Defined by Equation 35 
Velocity in y-direction in boundary layer 
Mean velocity in y-direction in boundary 
layer 
Fluctuating velocity in y-direction in 
boundary layer 
Variables in uncertainty analysis 
Uncertainty in a quantity (for l ist  of 
subscripts used with this symbol,  see end 
of symbol l ist)  
Distance measured parallel  to surface of 
plate,  distance from leading edge, coordi­
nate direction 
Unheated. starting length 
Plate thickness 
Distance measured perpendicular to surface 
of plate,  coordinate direction 
Defined by Equation 36 
Thermal diffusivity 
Boundary layer thickness 
Emissivity 
Mean value of Pohlhausen parameter defined 
in Equation JQ 
vil 
yV Viscosity 
v Kinematic viscosity 
g- Stefan-Bol tzmann constant 
P Density 
T Time 
Tq  Shearing stress at  wall  
Subscripts for Uncertainty Symbol w 
1,  2, 3• • Uncertainties in variables 1,  2,  3• • •" 
A Area 
E Voltage 
e '  Root-mean-square bridge voltage 
e No-flow bridge voltage 
e Mean flow voltage 
T Turbulence 
T Absolute surface temperature 
s 
Tg  Absolute ambient temperature 
% ( ts -  tb )  
t  (t s  -  t f)  
Q 
N Nusselt  number 
R Reynolds number 
U Free stream velocity 
x Distance x 
x Plate thickness 
viii 
v Kinematic viscosity 
r  Calculated result  
n Resistance 
MOTE: The symbols /y e '  and 7 U' ,  as written in this 
thesis,  imply that the time-averaging process is  
performed, on the squared value of the fluctuating 
quantity.  
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INTRODUCTION 
The investigation of heat transfer phenomena concerned 
with the convective mode of transfer is  frequently resolved to 
the problem of determining the coefficient of heat transfer h 
defined by the equation 
Q = hA(t s-t f)  (l)  
Common practice for design purposes in engineering is the 
use of empirical formulas based on experimental data taken for 
geometries and flow conditions similar to the problem at  hand, 
as,  for example, in McAdams (24).  This practice,  however,  
does not eliminate the desirabili ty of finding methods for 
calculating the heat transfer coefficient by analytical means. 
The analytical approach obviously requires a knowledge of the 
interaction of the variables affecting the value of the 
coefficient of heat transfer,  and although a mass of data and 
experimental correlations have been compiled, the problem of 
analytical prediction of the heat transfer coefficient has not 
been solved for more than a few restricted cases.  One reason 
for the difficulty in obtaining analytical solutions is the 
lack of information concerning the interaction of some vari­
ables with others,  and the magnitude of these effects.  
Certainly the lack of a general mathematical flow model for 
expressing the conservation of energy and the equation of 
motion for a fluid in a readily solvable equation is  another.  
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Analytical approaches are usually based on the solution 
of various forms of the equations of motion and of conserva­
tion of energy written for the boundary layer of f luid next to 
a solid wall .  If  enough simplifying assumptions are used, the 
equations may be solved. Examples are the boundary-layer 
approximations, or the assumption of f luid properties invari­
ant with temperature or pressure and of zero turbulence 
intensity in many texts (3^) (8) (22).  Experimental investi­
gations are frequently aimed at  finding out how certain 
variables affect the boundary layer when heat is  transferred, 
through i t .  Those variables which do not have a large effect 
may then be neglected in an analytical approach, with a 
resulting simplification of equations. In general,  the effect 
of variables such as fluid properties,  velocities and wall  
geometry in the boundary layer have been investigated experi­
mentally.  
For many years i t  has been recognized that conditions in 
the free stream external to the boundary layer affect the heat 
transfer properties of the boundary layer.  These free-stream 
conditions can cause a change from laminar to turbulent flow 
in the boundary layer and can cause the position of this 
transition to change. Moreover,  changes have been found in 
heat transfer coefficients for certain wall  geometries which 
have a static pressure distribution along the surface. This 
dissertation includes the results of an experimental investi­
gation and a discussion of the interaction of a free-stream 
3 
condition, turbulence intensity,  with pressure gradient and 
local Reynolds number in determining the rate of heat transfer 
from a f lat  plate.  Emphasis has been placed on the collection 
of data which may serve as the basis for future analytical 
studies.  
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REVIEW OP PREVIOUS INVESTIGATIONS 
Free-stream turbulence has been a parameter in several 
investigations concerning heat transfer.  Perhaps the first  to 
notice and appreciate i ts  effects were investigators working 
on heat transfer from cylinders in crossflow. Investigations 
have also been carried on for other shapes. A review of those 
considered most pertinent to the current investigation is 
presented in the following paragraphs. 
Definitions of the terms turbulence intensity and scale 
of turbulence used in this section are in Appendix A. 
Cylindrical and Spherical Geometries 
Giedt (15) presented data for an experimental investiga­
tion of the effect of free-stream turbulence intensity on 
local heat transfer and skin friction for a 4-inch diameter 
cylinder in crossflow. The two turbulence intensities used 
were estimated at  less than one per cent and at  about four 
per cent by methods suggested in work done on turbulence damp­
ing screens in wind tunnels (5)• A single strip of nickel-
chromium resistance alloy was wound in a helix around the 
circumference of the cylinder with thermocouples attached to 
the back side of the strip.  Local coefficients were obtained 
from the circumferential  temperature distribution, the elec­
trical power input to the strip and calculated values of 
conduction and radiation losses.  
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The magnitude of the local heat transfer coefficient at  
the upstream stagnation point was found to increase about 25 
per cent with the turbulence intensity increase noted above 
for approximate Reynolds numbers based on cylinder diameter of 
95» 000, 171,000 and 213,000. In addition, the average heat 
transfer coefficient for the whole cylinder was found to 
increase approximately 20 per cent.  
Kestin and Maeder (18) performed experiments on a cylin­
der in which both the turbulence intensity and scale of 
turbulence were measured with a hot-wire anemometer.  These 
tests were performed in an open-circuit  wind tunnel on a 
cylinder which was heated, internally by saturated steam at  a 
pressure slightly above that of the atmosphere. The surface 
temperature for the cylinder was taken as the average of that 
recorded by five thermocouples located around a circumference 
of the cylinder.  Measurements were made both with and without 
boundary layer tr ip wires on the surface of the cylinder in an 
effort  to show that the effect of free-stream turbulence did 
not only change the position of transition from a laminar to a 
turbulent boundary layer,  but had an independent effect of i ts  
own. The results confirmed that the free-stream turbulence 
intensity had an effect of i ts  own. For example, at  a 
Reynolds number based on cylinder diameter of 180,000, the 
Nusselt  number at  the upstream stagnation point showed a 3° 
per cent increase for a turbulence intensity rise from 1 per 
cent to 2.5 per cent.  The overall  mean Nusselt  number was 
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found to increase by 26 per cent for a r ise in free-stream 
turbulence intensity from O.75 per cent to 2.66 per cent when 
the trip wires were in place. Without the trip wires in 
place, the mean Nusselt  number increased 14 per cent under 
otherwise identical conditions. The scale of turbulence was 
measured over a small range, 0.162 cm to 0.574 cm and no 
effects were noticed. Kestin and Maeder speculated that free-
stream oscillations may cause changes in the velocity and 
thermal boundary layers which in turn will  cause departures 
from the Reynolds analogy between skin friction and heat 
transfer.  
Van der Hegge Zijnen (4o) measured heat transfer from a 
cylinder in crossflow for Reynolds numbers based on cylinder 
diameter from 60 to 2^,800, for turbulence intensities ranging 
from 2 per cent to 13 per cent and for ratios of scale of 
turbulence to cylinder diameter varying from 0.31 to 240. He 
used a 0.01-cm diameter platinum wire,  a 0.08-cm outside dia­
meter nickel tube and brass tubes of eight outside diameters 
ranging from 0.306 cm to 4.19 cm. The wire and tubes were 
heated either by passing an electrical current through them, 
or by an electrical heater inside a tube. The conclusions 
reached were that for a constant Reynolds number the heat 
transfer increases continuously with the turbulence intensity 
and when the turbulence intensity is held constant,  the 
Nusselt  number increases with the Reynolds number. Moreover,  
when the Reynolds number and turbulence intensity are held 
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constant,  the heat transfer either increases or decreases with 
increasing ratio of scale of turbulence to cylinder diameter,  
the maximum occurring when this ratio is around. 1.5 to 1.6.  
Lastly,  van der Hegge Zijnen noted, that variations in both 
scale and turbulence intensity were more effective in changing 
the heat transfer than an increase in Reynolds number. 
Seban (35)$ in studies of the effect of free-stream tur­
bulence on heat transfer from cylinders in crossflow, found 
that the heat transfer coefficient increased, as found in 
previous work, but he also noted that the maximum increase was 
at  the point of largest pressure gradient along the cylinder 
surface, and. a minimum increase at  the point of smallest pres­
sure gradient,  thus leading to speculation that the turbulence 
intensity has i ts  greatest effect when a large pressure 
gradient is  present.  He also found that the transition from 
laminar to turbulent boundary layer flow took place at  lower 
Reynolds numbers,  but that once transition had taken place 
there was no effect of the turbulence on the heat transfer 
in the region of the turbulent boundary layer.  His work was 
performed on circular cylinders of 1.25-inch and 1.87-inch 
diameters and on a cylinder of ell iptical cross section with 
a 6-inch major axis and a 2-inch minor axis.  The heat 
transfer elements were individual circumferential  strips of 
ni  chrome. The range of air  velocities used ranged, from 150 
to 350 f t  per sec, with temperature differences between the 
cylinder and the air  of from 15F to 20F. Turbulence 
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intensities were measured with a hot-wire anemometer.  The 
scale of turbulence was small compared to the cylinder dia­
meter,  and thus non-contributory according to the previously 
noted, work of van der Hegge Zijnen. Kestin,  Maeder and Sogin 
(19) did further experimental work on a cylinder showing that 
the effect of free-stream turbulence is largest when the gradi 
ent of the free-stream velocity is greatest and when the 
free-stream velocity is at  low turbulence intensity levels.  
Work similar to that on cylinders has been performed on 
spheres.  In general,  similar conclusions have been found. An 
increase in the magnitude of the heat transfer coefficient at  
the upstream stagnation point and an increase in overall  coef­
ficient results as free-stream turbulence intensity increases.  
The most fruitful of the investigations involving spheres 
appear to be those by Sato and Sage (32) and by Short and 
Sage (36).  
Flat Plate Geometries 
Page and Falkner (10),  in experiments concerned with the 
analogy between skin friction and heat transfer from a f lat  
plate and from cylinders in crossflow reported some of the 
f irst  data on the effect of free-stream turbulence on heat 
transfer from a horizontal f lat  plate oriented with the flow 
parallel  to the surface. The plate consisted of a platinum 
foil  0.70-cm long, 1.30-cm wide and. 0.00127-cm thick. The 
foil  was heated by passing an electric current through i t ,  
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and current and resistance measurements were used to compute 
the heat transfer. Thus, the entire plate was, in effect, a 
hot-film anemometer. Page and Falkner concluded that changes 
in free stream turbulence did not affect the rate of heat 
transfer from the film. The conclusions for the cylinder were 
that changes in distributions of surface friction and heat 
transfer do take place, but no detailed investigation was made. 
Sugawara, ai .  (37) performed experiments on a f lat  
plate for Reynolds numbers based on distance from the leading 
edge from about 3*9 x leP to 3*5 x 10^ with varying turbulence 
intensity in the free stream. Heat transfer was measured by 
heating the plate,  placing i t  in the air  stream, and measuring 
temperatures as the plate cooled. Values were calculated 
according to an equation previously developed for non-time-
steady cooling. Turbulence intensity was measured by a hot­
wire anemometer.  The results showed a large increase in heat 
transfer coefficient with an increase in free-stream turbu­
lence intensity.  
Edwards and Furber (9) investigated the effect of free-
stream turbulence on heat transfer from a f lat  plate with zero 
pressure gradient.  The plate consisted of a plane surface 
about 3 feet long with a 6- by 4-inch heated copper plate 
imbedded in the surface 33 inches downstream from the leading 
edge. They were able to measure average coefficients over 
this area, which was electrically heated by nichrome strips 
in the interior of the model.  The remainder of the model was 
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vmheated. Three free-stream turbulence Intensities were used, 
the magnitudes of which were estimated from the grid sizes 
used to generate the turbulence. The range of Reynolds num­
bers based on total  plate length was from 200,000 to 2,500,000. 
The conclusions reached were that turbulence intensities up to 
an estimated 5 per cent did not influence the heat transfer,  
that turbulence intensity has l i t t le effect In the laminar 
boundary layer flow region, and. that the position of transi­
tion from laminar to turbulent flow in the boundary layer is 
markedly affected by free-stream turbulence intensity.  No 
effect of free-stream turbulence was found for heat transfer 
through a turbulent boundary layer.  
A note to the paper of Edwards and Furber (9) by 
Whitefoot states that,  using the same general methods, no 
effect of free-stream turbulence intensities up to about 11 
per cent could be found. 
Wang (43) investigated the effect of free-stream turbu­
lence on the local heat transfer rates from two unit  steam 
heaters mounted with their surfaces flush with the surface of 
a f lat  plate.  The heaters were maintained at  constant tempera­
ture by electric heating elements inside the units.  The rest  
of the plate surface was maintained at  very nearly the same 
temperature as the unit  heaters by circulating steam from a 
small external boiler inside the plate.  Free-stream turbu­
lence intensity measurements were made with a hot-wire 
anemometer,  and velocity profiles in the boundary layer were 
11 
obtained with a total-head probe. Wang conducted detailed 
experiments on the plate for a negligible pressure gradient,  
but some exploratory points for a favorable pressure gradi­
ent were also obtained. He found the local coefficient of 
heat transfer to be unaffected by turbulence Intensity level 
in the laminar boundary layer region in the case of negli­
gible pressure gradients.  In the boundary layer transition 
region, local coefficients increased by as much as 220 per 
cent for a change in free-stream turbulence intensity from 
0.80 to 2.50 per cent.  In the turbulent boundary layer 
region, changes in the free-stream turbulence intensity pro­
duced no systematic effects on the local coefficient.  For the 
case of a pressure gradient,  the exploratory points indicated 
a sizeable increase in local coefficient for laminar boundary 
layers.  
Wang also presented an analysis of the effect of free-
stream oscillations on the laminar boundary layer.  I t  assumed 
only one free stream oscillating velocity component,  and shows 
that the degree to which the boundary layer is affected is 
dependent on the amplitude of the free stream oscillations 
only when the oscillations vary in the direction of the mean 
flow. Wang numerically calculated solutions for the equations 
of motion for a f lat  plate in a stream of constant mean 
velocity with a sinusoidally varying wave imposed on the free 
stream. His solution shows that at  low frequency and ampli­
tude, the effect on heat transfer coefficients will  be small.  
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This analysis and i ts  conclusions will  be discussed in greater 
detail  in subsequent sections. 
Reynold s ,  Kays and Kline (30) performed heat transfer 
and. thermal- and velocity-boundary layer experiments on an 
isothermal f lat  plate with a turbulent boundary layer.  They 
did. not directly determine the effect of free-stream turbu­
lence on these variables,  but the turbulence intensity of the 
free stream was reported. The results showed, l i t t le differ­
ence from predictions for no free-stream turbulence. This 
work thus tends to confirm the work of Edwards and Furber (9) • 
Feller and Yeager (12) reported on the effect of large 
amplitude oscillations on local heat transfer coefficients.  
The oscillations consisted, of free-stream turbulence both with 
and without a sound field present.  The sound, f ield was gener­
ated by a siren installed upstream of the flat  plate under 
test .  The frequency of the sound field,  was varied from 34 to 
680 ops and the root-mean-square flow amplitudes varied up to 
65 per cent.  The Nusselt  number increased by as much as 65 
per cent over a reference flow at  the same Reynolds number. 
An empirical correlation for the Nusselt  number as a function 
of the Reynolds number and the ratio of the root-mean-square 
amplitude of the fluctuating velocity to the mean flow veloc­
i ty was developed. Schlieren photographs of the boundary-
layer flow revealed a flow reversal in the layer that was 
correlated with the frequency of oscillations. The t ime-
averaged. value of the thermal boundary-layer thickness was 
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found. "Co vary inversely as the wusselt  number. Heat transfer 
increases for turbulent flow were also reported. The Increase 
in heat transfer for laminar and. turbulent flows was ascribed 
to the same mechanism, as yet unknown, for both flows. 
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ANALYSIS OF THE EFFECTS OF FREE-STREAM TURBULENCE 
ON THE LAMINAR BOUNDARY LAYER EQUATIONS 
The convective heat transfer from a body is  controlled by 
the resistance to heat transfer through the boundary layer.  
The resistance of the boundary layer to heat transfer is deter­
mined by the nature of the flow in the boundary layer.  In 
general,  less resistance to heat transfer is  encountered with 
a turbulent boundary layer than with a laminar one. The 
following analysis consists of a discussion of the effects of 
the free-stream turbulence on the equations of motion, con­
tinuity and energy for the laminar boundary layer,  and is  
similar to the analysis in Schlichting (34) and Wang (43).  
Effect on Fluid-Flow Characteristics 
In flow over bodies immersed in a f luid, i t  is found that 
the boundary layer begins as a laminar type and may undergo a 
transition to the turbulent type as flow progresses over the 
body. The exact mechanism involved in the transition is not 
completely understood. I t  is known, however,  that the transi­
tion of the boundary layer as well  as the characteristics of 
the different boundary-layer types can be changed by condi­
tions both internal and. external to the boundary layer.  This 
analysis is  confined to the effects of free-stream turbulence 
on the boundary layer.  
According to Schlichting (34),  the free-stream turbulence 
intensity is a rough measure of the amplitude of the random 
velocity fluctuations in the free stream. These fluctuations 
are not compatible with the usual assumptions of a steady-
state free stream velocity as a boundary condition for the 
solution of the two-dimensional incompressible boundary layer 
equations, since they make the free stream velocity time-
dependent.  Of course, most solutions of the two-dimensional 
equations take the time-averaged free stream velocity as a 
boundary condition and thus disguise this problem. However,  
Kestin and Maeder (18) point out that due to the non-linear 
equations involved, i t  is necessary to employ the time-
dependent boundary-layer equations together with the time-
dependent boundary conditions and to perform the time 
averaging in the process of solving the equations. 
For the case of a f lat  plate with zero pressure gradient,  
some experiments have shown l i t t le influence of free-stream 
turbulence on the boundary layer.  When a pressure gradient 
is  present,  however,  changes have occurred in the boundary 
layer.  Thus, an analysis incorporating a pressure gradient 
is  desirable.  
In order to analyze the two-dimensional boundary layer 
with non-time-steady velocities,  the simplifying assumption of 
only one varying free-stream component will  be made. These 
variations will  be assumed to occur in the direction of the 
mean velocity of the stream. The pressure and velocity com­
ponents are assumed to consist  of t ime-average values with 
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fluctuating values superimposed on them. Thus, 
u = u(x,y) + u*(x,y,r) (2) 
v  =  v ( x , y )  +  v ' ( x , y , r )  (3) 
u = u( x , y )  +  u*( x , r )  (4) 
p  =  p ( x )  +  p ' (X,T) (5) 
where u and v are boundary layer velocity components,  r  is  
time, U is  the free stream velocity which varies only in one 
direction and with time, p is  pressure and the bar over a 
symbol denotes the temporal mean value and the prime repre­
sents the fluctuating part .  Since this analysis is  restricted 
to two dimensions in space, all  components of velocity in the 
z-direction are assumed as zero. In addition, the assumption 
of a uniform pressure at  any section across the boundary layer 
at  any instant is  considered in keeping with the order of 
magnitude analysis involved in obtaining the boundary layer 
equations. 
Using the time-averaging techniques of Schlichting (34),  
i t  is found that 
These functions for the velocities and the pressure are 
to be substituted in the two-dimensional non-time-steady 
u1  = v1  = U f  = p* = 0 ( 6 )  
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boundary layer equations of motion 
2 du du du 1 dp du 
i 7 +  u i l +  v ^  =  " p ^ +  ( 7 )  
the continuity equation for incompressible flow 
du dv 
^  +  i 7 = 0  ( 8 )  
and the non-time-steady equation for the free stream 
dU dU 1 dp 
âî + u aï = "7 57 (9) 
After substitution of the velocity functions, the equa­
tion of motion is  
d ( u  +  u ' )  d ( u  +  u ' )  d ( u  +  u ' )  
â î  +  ( û  +  « • ) — ^  +  ( v  +  v ) — ^  
1  d ( p  +  p '  )  d 2 ( u  +  u 1 )  
- 7 - 1 7 — d y 2  ( i = )  
the equation of continuity is 
D(Û + U*) D(V + V') 
— —
+  
—— -
0  ( 1 1 )  
and. the free stream equation is 
d ( U  +  U » )  d ( U  +  U ' )  1  d ( p  +  p ' )  
— + —— = — ( 1 2 >  
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The free stream equation is  then expanded and the pressure 
gradient term replaced with the left  side of the free stream 
equation, giving 
d u  d u '  du d u '  du d u '  du'  du 
d T  +  — +  u d l  +  u d T  +  u , d ^ +  u î  ~  +  v ~ +  v ' d 7  +  
d u *  
dy + V 
du 
dy 
d u  d û »  _  d U  _  d U *  dU dU« 
T=" + T— + U -— + U — + U' -— + U 1 + dr dr dx dx dx dx 
V 
d 2 u '  
3y^ 9y" 
(13) 
No boundary conditions can be placed on Equation 13 because of 
the random nature of the fluctuating parts of the dependent 
variables.  In order to further analyze this equation, the 
time-average will  be taken, keeping in mind that a loss of 
generality is  involved. The time-averaged, equation is 
du d u 1  du d u '  _ d U  d U '  d 2 û 
u  dx +  U* dx +  V  dy +  v '  dy 
(14) 
This equation has been noted by others and may be found, for 
example, in Schlichtlng (3^).  
In a similar fashion, the continuity equation, when t ime-
averaged. is  
du dv 
^  +  ^ = 0  (15) 
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The only differences between the above equations of 
motion and the usual time-averaged boundary layer equations 
du1 au* au* 
are the terms u ' r— ,  v ' t— and U 't— . It must be these 
ox o y ox 
terms that represent the effects of free-stream oscillations 
on the boundary layer. 
a u '  a u *  
Both of the terms u 'r— and U— are dependent on x dx dx ^ 
d u e  t o  t h e  p a r t i a l  d e r i v a t i v e  p o r t i o n s ,  t h e r e f o r e  t h e  v a l u e s  
of these depend on a change on u '  and/or U' with x.  The term 
d u '  
v '^y can be shown to depend, on x by noting that if  u '  were a 
a u '  
function of y only, would be zero. Thus, from the con-
d v '  
t inuity equation, = 0,  and, due to the continuum flow 
a u '  
assumption of no slip at  the wall ,  v '  = 0 and the term v'^~~ 
a u '  
would vanish. Since v '  is  not zero, except at  the wall ,  v 'gx  
must be dependent on x as well  as y or the above hypothesis is  
valid.  
In the event that U' is  a constant not equal to zero, and 
au» 
= 0, i t  is possible that u '  and v '  may continue to depend 
on x and y,  but if  U' = 0,  u '  and v '  will  not exist .  
Thus, one condition necessary for the free stream turbu­
lence intensity to affect the boundary layer is  that the 
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oscil lat ions in the x-direction in the free stream and/or the 
boundary layer vary with x,  i .e . ,  that  at  least  one of the 
components  u ' ,  v ' ,  and.  U '  vary  wi th  x.  
A second effect  necessary for the free-stream turbulence 
to affect  the boundary layer is  that  u ' ,  v* and/or U' not  be 
too small  compared with u,  the mean velocity in the boundary 
layer.  
To show this,  consider Equation 14 in a rearranged form 
d u  d u  _ _  d U  d U *  d u *  d u '  d ^ û  
5â;  +  = /â;  + u '^~ -  Y '~ | +  ( l 6 )  
All of the terms underlined by the bracket now appear in the 
same fashion as a pressure gradient term in the steady state 
boundary layer equation.  Thus,  i f  
dlP" du7 Su7 
u
"  s r  •  v ' ~  a n a  u '  ï ï T  
are al l  small  enough, no effect  of oscil lat ions in the free 
stream will  be noticeable.  Since al l  other non-pressure-
gradient terms in the equation depend on u,  i t  is  necessary 
that  at  least  one of the terms 
d u '  d u *  d U '  
u ' —  '  T '  â y ~  o r  u ' ~  
be large enough compared to û to cause a change in the 
boundary layer.  Looking at  i t  another way, i f  these oscil la­
t ions are small  enough, the boundary layer velocity profi le 
should remain unaltered from that  of a mean velocity profi le.  
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Effects on Heat Transfer 
The above discussion of the effects of the free-stream 
oscil lat ions on the boundary layer is  based on the equations 
of motion and continuity.  To show how the energy equation 
for two-dimensional f low, usually writ ten as 
d  t  d t  d t  d ^ t  
IT +  u  Sx +  v  3y =  17 U 7 )  
is  affected,  i t  can be seen that  if  a constant temperature 
difference between the plate and the free stream is  maintained,  
that  is ,  an isothermal plate,  the temperature profi le will  
change only with changes in u and v (when the shape of the 
profi le changes).  
I t  may be noted from the above analysis that  two condi­
t ions are necessary for free-stream turbulence to affect  heat  
transfer.  They are ( l)  the velocit ies u ' ,  v ' ,  and/or U* must 
change with x,  and (2) the magnitude of u ' ,  v1 ,  and/or U* must 
not  be too small  compared to Û. 
I t  is  interesting to apply these two requirements to the 
flow about a cylinder and over a f lat  plate.  For the cylinder,  
the f irst  requirement is  fulfi l led,  by the slowing down of the 
stream as i t  approaches the stagnation point .  I t  has been 
shown by Piercy and Richardson (27) that  near the stagnation 
point  of a cylinder,  the amplitude of the oscil lat ing portion 
of the flow increases.  As the f luid moves over the forward 
part  of the cylinder,  the amplitude of the oscil lat ions 
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decreases.  Piercy and Richardson (26) made similar measure­
ments near the stagnation point  of a s trut .  They found an 
oscil lat ion amplitude increase near the stagnation point  (but 
not in the boundary layer)  of about 4.5 t imes that  of the 
free-stream oscil lat ion amplitude value.  As the stream 
approaches the stagnation point ,  and the mean velocity 
decreases,  the increased amplitude of the oscil lat ions is  not 
small  with respect  to u and the second, condit ion is  then ful­
f i l led.  
In addit ion to the above,  i t  should be noted that  a 
negative pressure gradient will  exist  on the forward portion 
of the cylinder (accelerating flow).  Taylor (38) has shown 
that  for a contraction section (similar to that  used in wind 
tunnels)  the longitudinal  component of the turbulent oscil la­
t ions is  reduced in the accelerating flow. The amount of 
reduction is  dependent on the part icular form of disturbance 
init ial ly.  There is  also a strong deceleration ahead of the 
stagnation point ,  indicating an increase in relat ive magnitude 
of the f luctuating components.  
The f ixed f lat  plate at  zero pressure gradient does not 
sat isfy the above condit ions.  The turbulence intensity of the 
free-stream approaching the leading edge does not material ly 
change provided the plate is  si tuated far  enough downstream 
from a turbulence-producing body for the intensity of turbu­
lence in the stream to be approximately isotropic and. of  nearly 
constant magnitude,  as,  for example,  the turbulence f ield 
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downstream of a grid.  (5) .  This has been the case for experi­
mental  observations by Wang (43) and Edwards and Furber (9) • 
For a f ixed f lat  plate with negative pressure gradient 
along i ts  surface,  the result ing acceleration of the flow is  
consistent  with the condit ion of change of oscil lat ion ampli­
tude with x.  Thus,  i f  the init ial  free-stream turbulence 
intensity approaching the plate is  large enough to make the 
oscil lat ion amplitude not small  with respect  to u,  an effect  
should be noticed because both condit ions are fulfi l led.  The 
exploratory experimental  work of Wang (43) has shown that  this 
is  true for a large favorable pressure gradient.  Wang found 
a surprisingly uniform increase of about 65 per cent in the 
Nusselt  number for an increase of free-stream turbulence 
intensity from 0.36 per cent to 1.71 per cent over the laminar 
boundary layer range of Reynolds numbers between 50,000 and 
100,000. 
EQUIPMENT USED FOB EXPERIMENTAL WORK 
The analysis included in the previous section shows that  
some effect  of free-stream turbulence may be expected,  on the 
temperature and. velocity distr ibutions in the boundary layer.  
I t  is  not possible at  present to solve the equations for a 
general  set  of boundary condit ions.  Thus,  i t  was deemed 
appropriate to investigate the problem experimentally in order 
to obtain a clearer physical  picture of the connection between 
free-stream turbulence and the boundary layer.  The investiga­
t ion was carried out on a f lat  plate,  equipped, with heated,  
s tr ips,  which was placed,  in an air  flow facil i ty where meas­
urements were taken.  The equipment used is  described,  in this 
section.  
Air Flow Facil i ty 
The air-f low facil i ty used was an open-circuit  suction-
type tunnel equipped with a constant-speed centifugal fan 
rated,  a t  20 inches of water head and 13,000 cfm capacity.  The 
tunnel configuration and some pert inent dimensions are shown 
in Figure 1.  
The test  section of the tunnel was 14 inches square and. 
66 inches long, and was constructed of Plexiglas plastic and 
aluminum. I t  was provided with a six-inch-long removable sec­
t ion at  the upstream end for insert ion of turbulence-promoting 
grids » Velocity profi les at  the upstream end of the test  
section were uniform within one per cent over the range of 
,  Figure 1.  Air f low facil i ty configuration 
Motor Blower 
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velocit ies involved in this work.  
Turbulence intensit ies for the tunnel were measured using 
the hot-wire anemometer equipment described under the instru­
mentation heading in this chapter.  The free tunnel had a 
measured minimum turbulence intensity of 0.4 per cent for the 
higher tunnel speeds,  the turbulence intensity increasing to 
0.8 per cent at  the low tunnel speeds.  Turbulence intensit ies 
higher than that  for the free tunnel were obtained by using 
grids placed at  the upstream end. of  the test  section.  Two 
grids were used,  one of 0.090-inch diameter wire on one-inch 
centers,  and the other of 0.250-inch diameter rod on one-inch 
centers.  The mesh of both grids was square.  The 0.090-inch 
grid produced turbulence levels from 1.8 per cent to 3.2 per 
cent during tests  with the plate,  while the 0.250-inch grid 
produced, turbulence intensit ies of from 2.0 to 8.3 per cent 
during these tests .  The 0.250-inch grid was used to check the 
test  section behavior for turbulence downstream of a grid.  
Results  of these data are shown in Figure 2.  The recommended 
equation of Baines and Peterson ( l)  is  represented by the l ine 
on the f igure.  
Flat  Plate 
The f lat  plate used was of the type used by Drake (4),  
Feiler  and Yeager (12) and Scesa and Sauer (33) among others.  
The assembled plate was 14 inches wide,  42 inches long and 
about 5/8-inch thick.  I t  was composed, of  f ive major parts— 
Figure 2.  Turbulence Intensity downstream of a turbulence—promoting grid 
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two side rai ls ,  a nosepiece,  a plate back and a heat  transfer 
surface.  The arrangement of these parts  is  shown in Figure 3 
in expanded form and in Appendix C as an assembly drawing. 
Plate parts  
The nosepiece was constructed of wood and provided with 
stat ic pressure taps and a thermocouple for temperature meas­
urement.  The s tat ic pressure taps were used to help locate 
the stagnation point  for the oncoming air  flow so that  a very 
sl ightly favorable angle of at tack was maintained = The lead­
ing edge of the nosepiece was rounded with a small  radius to 
aid in maintaining a stable stagnation point .  This arrange­
ment resulted in a negligible pressure gradient along the 
plate surface after  some experimenting in posit ioning the 
plate in the test  section.  Pressure gradients along the plate 
surface were obtained by use of a false tunnel wall .  
The side rai ls  and plate back were primarily to add 
structural  strength and insulation around the heat  transfer 
surface.  The plate back had grooves cut  lengthwise in i ts  
interior surface to carry electrical  wires and pressure tubing.  
These pieces were made of a paper-lamina ted phenolic insulat­
ing material  known commercially as Insurok T-64-0.  
The heat  transfer surface was composed of 37 transverse 
str ips of nickel-chromium resistance al loy,  commercially known 
as Nichrome V, each one inch wide,  0.002 inches thick and 12 
inches long on the working surface.  These str ips were mounted 
Figure 3.  Expanded view of major plate parts  
Figure 4.  Detail  sketch of pressure tap installat ion 
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on a paper-laminated phenolic material  identical  to that  used 
for the plate back and side rai ls  by use of an epoxy-resin 
adhesive.  The ends of the str ips were bent 90 degrees over 
the edges of the phenolic material .  Two holes were dri l led 
through the resistance str ip into the edge of the phenolic 
base and a small  machine screw thread was tapped into this 
hole.  A copper bus bar was held in posit ion with screws in 
these holes at  the end of the str ip and electrical  connections 
for power input and voltage measurement was made to the bus 
bar.  The s tr ips were spaced 1/16-inch apart  on the heat  
transfer surface to allow stainless steel  tubing stat ic pres­
sure taps to be installed between str ips.  The result ing 
1/16-inch by 0.002-inch groove was f i l led with a high-
temperature Dekhotinsky cement and each space was then 
smoothed by hand to assure a smooth working surface.  A sketch 
of this  portion of the plate is  shown in Figure 4.  
Pressure taps 
Static pressures at  the plate surface were measured by 
0.020-inch inside diameter stainless steel  tubing inserted 
between adjacent resistance str ips.  Care was taken to make 
sure the tubing did not cause an electrical  short  circuit  
between str ips.  The tubing was inserted through a hole 
dri l led in the phenolic base and held in place with a spot of 
epoxy adhesive.  Each tube was about 3/4-inch long and ended 
in a 1/8-inch outside diameter copper tube to which a plastic 
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tube leading to a manometer was at tached. A detail  of this  
portion of the plate is  also shown in Figure 4.  
Thermocouples 
The temperature of each str ip was measured with iron-
con s  tan tan thermocouples of 30-gage (0.010-inch diameter)  wire 
spot-welded,  to the back side of the ni  chrome str ip.  The 
thermocouples were made on a Weldmatic spot-welding machine 
with a butt-welding accessory device and. then spot-welded to 
the back side of the 0.002-inch resistance str ip.  Care was 
taken to be sure the spot-welding operation did.  not  leave a 
rough spot on the opposite surface of the str ip over which the 
air  flow would take place.  
In order to check the lengthwise temperature distr ibution 
in the str ips,  several  s tr ips had. an addit ional thermocouple 
at tached, one inch in from each end. The assembled heat  trans­
fer surface unit  was checked, for accuracy of temperature 
measurement over the range of temperatures for which i t  was 
to be used,  by placing i t ,  together with the necessary wiring 
and. em f-m ea sur in g equipment in a room where the temperature 
was varied,  and allowed to come to equil ibrium over a period,  
of several  hours.  
The temperatures of the back side of the working surface 
were required when calculating the conduction losses from the 
resistance str ips.  These temperatures were obtained,  from 
measurements of emf on s ix thermocouples mounted on the back 
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side of the phenolic backing of the working surface.  Place­
ment of these thermocouples is  shown in Appendix C. 
After the central  section of the plate was completed,  the 
electrical  power wiring was at tached..  The wiring diagram of 
the str ips is  shown in Figure 5» The power input to each str ip 
was varied by changing the vernier resistance across each 
str ip.  The measurement of power input to each str ip was accom­
plished by obtaining the str ip resistance and voltage drop 
across each str ip.  In order to obtain the voltage drop of the 
resistance str ip alone,  separate potential  wires were at tached 
to each bus bar.  The copper bus bars,  each about two inches 
long, were of negligible resistance.  
Instrumentation 
Thermocouples 
Thermocouple potentials  were read with a Leeds and 
Northrup Model 8686 mill ivolt  potentiometer.  The manufac­
turer 's  stated l imit  of error for this instrument is  + 0.05 
per cent + 3juy when used without reference Junction compensa­
t ion .  All  plate surface temperature measurements were made 
by two methods.  The f irst  was a differential  reading between 
the free stream and the plate surface.  The second was a 
potential  measurement against  an ice bath.  Thermocouple 
potentials  were checked by comparing the differential  measure­
ment against  the difference found between the plate surface 
Figure 5.  Wiring diagram of plate heating elements 
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potential  measured against  an ice bath.  I t  was found that  
these measurements checked, within 0.5 F.  
The large number of thermocouples in the plate were con­
nected to Leeds and Northrup thermocouple switches which were 
used to connect the potentiometer to the desired thermocouple.  
A circuit  was designed so that  each thermocouple in the entire 
system could be measured ei ther differential ly with the free-
stream temperature or against  an ice bath.  Free stream 
temperature measurements were- obtained with a shielded iron-
constantan thermocouple located Just  upstream of the leading 
edge of the plate and about four inches away from the plate 
surface.  
Velocity-profi le instruments 
The boundary-layer velocity-profi le measurements were 
made with a total-head,  probe constructed from stainless steel  
hypodermic tubing with a f lat tened end section to reduce the 
velocity gradient across the opening facing into the flow. A 
sketch of this  tube is  shown in Figure 6.  The opening of the 
tube was large enough to give a t ime constant of the measur­
ing system of the order of two minutes when the pressure 
measurements were made with a Meriam Model 3^FB2 micromano-
meter.  The posit ion of the boundary-layer probe in relat ion 
to the plate surface was found by use of the micrometer-
adjustment probe posit ioner shown in Figure 7.  The zero 
adjustment of the probe against  the plate surface was made by 
Figure 6.  Sketch of probe used for boundary layer profi les 
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advancing the probe from a posit ion some distance away from 
the plate unti l  the t ip of the probe and i ts  image, reflected 
in the plate surface,  Just  touched. I t  was found that  repeat  
abil i ty of the zero posit ion was within one part  ' in one 
thousand by this method. 
A standard pitot  tube was used to determine the mean 
free-stream velocity of the tunnel.  
Electrical  instruments 
A constant-temperature hot-wire anemometer system was 
used for determination of the turbulence intensit ies.  The 
wire was 0.00015-inch diameter,  approximately 0.050-inch long 
and made of a platinum-iridium alloy.  The hot-wire amplifier  
used was an improved, model of that  described by Laurence and 
Landes (23) which has a frequency response of the probe,  
bridge,  amplifier  and cables that  is  essential ly f lat  between 
5 and 20,000 cycles per second..  
The values of the magnitude of the f luctuating bridge 
voltage were determined with a modified average-square com­
puter similar to that  described by Laurence and Landes (23)• 
A wiring diagram of the computer used is  shown in Figure 8.  
Values of ê  ,  the average bridge voltage when the wire i  
in the air  stream, and eQ ,  the average voltage when the wire 
is  in s t i l l  air ,  were made using a Tektronix Model 502 
oscil loscope to measure the D.C. level .  These voltages were 
of the order of 6 volts  and the difference between ë and e^ w o 
Figure 8.  Wiring diagram of average-square computer 
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was less than 1  volt .  In order to measure this difference 
accurately,  a constant bucking voltage consist ing of cali­
brated mercury cells  was used to reduce the voltage input to 
the oscil loscope to values which were readily measurable on 
the higher ranges of vert ical  amplifier  gain,  thus affording 
a larger movement of the trace for a small  voltage change.  
Values of e  were measured with the hot wire in s t i l l  air  at  
the same temperature as the tunnel air  and values of ë  were 
measured with the hot wire in posit ion in the wind, tunnel.  
The hot-wire bridge was operated,  with a constant s l ight unbal­
ance of 2 microamperes to prevent the amplifier  from oscil­
lat ing.  The small  systematic error thus introduced, is  
considered negligible (25).  
Power input to the resistance heaters was measured by 
obtaining the resistance of the heating elements and determin­
ing the voltage drop across the individual heater str ips by 
means of the potential-measurement wires connected,  to each bus 
bar inside the plate.  The resistance of each heater was meas­
ured on an Electro-Scientif ic Instruments impedance bridge 
after  installat ion in the working surface of the plate.  
Capacit ive and inductive effects of the heater system were 
found to be negligible.  Line voltage to the heaters was 
reduced to a suitable value by use of an au to trans former,  and. 
the output of the autotransformer to the plate was continu­
ously monitored during the test ing time to maintain a constant 
voltage supply.  
4? 
Procedure for Taking Data 
The chronology for a run began when the tunnel fan was 
s tarted and the dampers and. vane-inlet  control  adjusted,  for 
the velocity required.  
The plate-heater voltage was adjusted unti l  the desired 
difference between the free stream temperature and the plate 
surface was obtained.  The vernier resistors across each 
heater were adjusted unti l  the plate surface was at  a uniform 
temperature.  Monitoring of the temperatures and readjustment 
of the voltages was required unti l  steady-state condit ions 
were reached. After steady-state condit ions prevailed,  the 
heat  transfer information was recorded six t imes over a period 
of about f if teen minutes.  On some runs,  most frequently when 
operating when the boundary layer was in the transit ion range 
and somewhat unstable,  addit ional heat  transfer data were 
taken in order to be sure a true steady-state average could be 
obta ined .  
Immediately after  the heat  transfer information was 
obtained,  a boundary layer search was made with the total  head 
tube,  using the plate surface stat ic pressure to obtain the 
velocity head.  I t  was assumed that  the stat ic pressure across 
the boundary layer was constant.  This was verif ied within the 
l imits of measurement of the manometer system by checking the 
stat ic pressure distr ibutions along the plate surface and in 
the free stream Just  above the plate surface outside the 
boundary layer at  a distance sufficient  to assure there was no 
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error  in the reading due to the proximity of  the wall .  
After  the boundary layer  information had been obtained,  
the probe was removed and a  hot-wire anemometer  probe inserted 
in the test  sect ion so that  the wire port ion was paral lel  to 
the plate surface and perpendicular  to the f low direct ion.  
The wire was kept  a t  a distance of approximately one inch from 
the plate surface.  Hot-wire data was then recorded.  
Methods of  Calculat ion 
The methods used to calculate the experimental  resul ts  
are discussed in this  sect ion.  A set  of  sample calculat ions 
for  one run is  in Appendix D. 
GaACWAetlçm Nusssl t  number 
In the presentat ion of the resul ts  of  this  invest igat ion 
the Nussel t  number,  
hx 
NNU " — LL7) 
x a 
was found from values of  h obtained from power and temperature 
measurements on the plate,  the distance downstream from the 
leading edge,  x ,  and the thermal conductivi ty of  a ir  taken 
from reference (16).  
From the defini t ion of the convective heat  t ransfer  
coeff icient  h,  
S >  
h -  A(+- \  (18)  
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where A is  the s tr ip surface area,  Q is  the net  rate  of 
energy loss from the plate surface by convection,  and ( t  -  t„)  
is  the temperature difference between the plate surface and 
the free stream. 
The net  rate  of  energy loss Q. was found,  by measuring the 
electr ical  power input  to the resistance s tr ip and deducting 
the losses by radiat ion and conduction.  Thus,  
0% = P  " qr  "  qc (19) 
where P is  the total  power input  to the s tr ip,  q^ is  the 
radiat ion loss and qQ  is  the convection loss.  
The total  power input  was obtained from voltage and 
resis tance measurements of  each s tr ip.  
The temperature difference between the plate surface and 
the free stream was taken as  the average of  the readings meas­
ured by both differential  measurements and against  an ice bath.  
In order  to obtain the conduction loss,  i t  was necessary 
to f ind the temperature distr ibution on the back s ide of the 
working surface,  to know the thermal conductivi ty of  the 
phenolic  backing material  and to est imate any end effects  due 
to the f ini te  length of  the resis tance s tr ips.  The tempera­
ture distr ibution on the back s ide of  the working surface was 
obtained from the thermocouples mounted on the phenolic  mate­
r ial .  The temperature difference was read by a differential  
reading with the plate working surface thermocouples.  Since 
the working surface of the plate was large with relat ion to 
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the thickness of  the phenolic  material ,  a  one-dimensional  f low 
of energy by conduction was assumed.  The loss was calculated 
from 
( ts  -  tb)  
% = V-ç— (20) 
where xp  is  the thickness of  the phenolic  backing,  ( tg  -  t^)  
is  the difference between the plate surface temperature and 
the back s ide of the working surface,  k^ is  the thermal con­
ductivi ty of  the material  and A is  the area of  the resistance 
s tr ip.  The thermal conductivi ty was found from values given 
in reference (13).  The temperature variat ion along the length 
of  a  resis tance s tr ip ( i .e .  spanwise on the plate surface)  for  
this  type of  construct ion was shown to be negligible by 
Drake (4) .  However,  several  s t r ips had addit ional  thermo­
couples at tached one inch in from each end of  the s tr ip.  
These were checked and found to have less  than one degree P 
difference from the centerl ine temperature of  the same s t r ip 
for  most  values of  f ree stream temperature and veloci ty,  
al though some of  the higher veloci ty runs had variat ions of  
about  1.5 degrees P.  I t  was not  fel t  that  conduction along 
the s tr ip was a s ignif icant  factor  s ince the temperature dif­
ference between the working surface and the back s ide of the 
working surface remained constant .  Radiat ion losses were 
calculated from 
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q r  = 6 <5-A(T s 4  -  Tg 4)  (21) 
where is  the emissivi ty of  the s tr ip material ,  A is  the 
s tr ip area,  cr is  the Stefan-Boltzmann constant ,  Tg  is  the 
absolute temperature of  the s tr ip surface and Tg  is  the 
temperature of  the surroundings.  The value of  emmissivi ty was 
taken from Scesa and Sauer (33) for  Nichrome V resis tance 
al loy. .  The temperature of  the surroundings was taken as  the 
room wall  surface temperature.  Correct ions for  absorption in 
the room atmosphere and in the plast ic  tunnel  wall  were 
assumed to be negligible.  The radiat ion geometric  "view 
factor" was assumed to be unity as implied in Equation 21. 
The Nussel t  numbers presented in the resul ts  sect ion have 
been corrected for  the unheated s tar t ing length of  the nose-
piece according to the equation of  Eckert  (?)  for  the laminar 
range,  
N. Nu 
= N 
x ,  corrected Nu x 
X0\ 3/4 
1  
- \ T  
-  1/3 
(22 )  
and the Nussel t  numbers in the turbulent  range have been 
corrected according to the equation of  Rubesin (31) 
N Nu 
= N 
x ,  corrected Nu 
\  39/40 
1  -
- 7/39 
(23) 
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Calculat ion of  Reynolds number 
The Reynolds number for  an experimental  point  for  f lows 
where the pressure gradient  along the plate surface was 
negligible was formed,  from 
Ux 
NHe = ~  ( 2 4 )  
X 
where U is  the mean f ree stream veloci ty,  x is  the distance 
from the leading edge of  the plate and v is  the kinematic 
viscosi ty of  a ir  at  low pressures taken from reference (16).  
The free stream veloci ty was determined from the veloci ty 
head,  densi ty and temperature of  the free stream according to 
the expression 
U = yiiH (25) 
where H i s  the veloci ty head,  The densi ty was calculated from 
the perfect  gas law using the s tat ic  pressure in the test  sec­
t ion and the average of  the plate surface and free stream 
temperatures.  
Boundarv-laver  measurements 
The boundary layer  data as  taken during the experimental  
runs involved an inherent  error  due to the height  of  the total  
head probe.  A correct ion to the measured distance above the 
plate surface was made according to the f indings of  Young and 
Maas (44).  This  correct ion involved adding a correct ion 
factor  based on the rat io of the probe height  to the measured 
distance of the probe from the surface.  
When the boundary layer  thickness was required in cal­
culat ions ,  i t  was taken as  the distance above the surface 
where the boundary layer  veloci ty was 0.993 of  the free stream 
veloci ty.  Since some invest igators  assume the posi t ion of  the 
boundary layer  thickness to be a t  0.99 of  the free stream 
veloci ty and others  use 0.995» an intermediate value was 
chosen.  The select ion of the veloci ty where the free stream 
and the boundary layer  are considered to merge is  an arbi trary 
choice.  
Tttrf t t t leqge intensi ty measurements 
Data taken with the hot-wire anemometer  were reduced 
using equations based on the relat ion 
King (20) developed the original  form of Equation 24 for  
incompressible f low, assuming that  heat  t ransfer  from the wire 
did not  change the f low f ield.  The viscous effects  of  the 
f low about  the wire were not  taken into account .  These l imi­
tat ions have not  been proved to be serious for  low-speed 
continuum flows,  and a  large amount of  data in the technical  
l i terature indicates the equation may be used with l i t t le  
error  for  applicat ions such as  the present  s tudy.  
R -  Ra ( 2 6 )  
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Equation 26 gives a relat ionship between f luid veloci ty 
and.  current  through the wire.  For a  wire of  constant  resis t­
ance ( i .e . ,  constant  temperature) ,  R is  constant  and the 
turbulence intensi ty may be found from the relat ion 
U 
ew -(?) 
which was or iginal ly developed by Laurence and Landes (23) and 
in which ë  is  the average bridge voltage measured when the 
wire is  in the a ir  stream, e  is  the average bridge voltage 
when the wire is  in s t i l l  air  and /y ë '^  is  the root-mean-
square of  the f luctuat ing voltage about  the average bridge 
voltage when the wire is  in the airs tream. 
Uncertaint ies  in Experimental  Results  
I t  would be of  value to have suff icient  repl icat ion of 
data for  each f low condit ion to t reat  i t  s tat is t ical ly.  In 
engineering experiments,  however,  i t  is  diff icul t  to obtain 
more than one or  two data points  for  a given run or  operat ing 
condit ion.  This  fact  precludes s tat is t ical  treatment of  data.  
Nevertheless,  some est imate of  error  is  desirable.  The est i ­
mates of  error  for  this  experiment are based on the "single 
sample" procedures of  Kline and McCIintook (21) and the 
examples of  Thrasher and Binder (39)•  
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The method of  Kline and McClintock (21) requires that  
each variable used,  in  the computat ion of  a  quanti ty be 
assigned an uncertainty interval  together  with odd s  that  the 
value of  a  given variable l ies  within this  interval .  Were i t  
possible to t reat  the data for  any variable s tat is t ical ly,  the 
uncertainty interval  would correspond to some precision index,  
such as  a s tandard deviat ion.  Lacking enough data for  such 
t reatment,  the invest igator  must  use his  famil iar i ty with the 
experimental  equipment,  his  knowledge of  the phenomena 
involved,  and his  assessment of  the care used in gathering 
data to s tate  an interval  of  uncertainty for  the values of  
these data and give odd s  that  the values are within that  
interval .  
Uncertaintv j&£ NnSSS3.t  number 
Prom Kline and McClintock (21),  the uncertainty in a cal­
culated resul t  which is  found from a l inear  function of  
variables is  
R is  the function,  v^,  v2 ,  . . .  v^ are variables in the func­
t ion R and the w^,  w^,  .»  « w^ are the uncertainty l imits  
placed on the several  variables by the experimenter .  
w. 
r  
1 1/2 (28)  
where w^ is  the uncertainty interval  in the calculated resul t ,  
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Applying the above to the calculat ion for  the Nussel t  
number,  from Equations 18 and 19,  the Nussel t  number is  
«n X 
N Nu A l ca ( ts "  V (29) 
Thus Equation 28 becomes,  for  the Nussel t  number 
w N 
»NKu 
% WQ 
BN Nu 
x 
5x "x 
BN Nu 
B A  •  W a  + 
BN Nu 
x 
<Ht s  -  t f)  w t j  
1/2 
(30) 
I t  should be noted that  the uncertainty in in Equation 
30 is  dependent  on the uncertaint ies  of  several  other  vari­
ables .  These have been t reated in a manner s imilar  to the 
Nussel t  number to  obtain the uncertainty in Q^.  Values of  the 
uncertaint ies  used in Equation 30 are tabulated in Appendix B.  
When uncertainty intervals  were calculated,  i t  was 
readily apparent  that  two experimental  data readings were 
responsible for  the major port ion of  the uncertainty in the 
Nussel t  number.  These were the voltage reading for  the power 
input  and the temperature difference used for  calculat ing the 
conduction loss through the plate back.  These readings were 
known to be cri t ical  when test ing star ted and every effort  was 
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made to secure accurate data.  The maximum predicted uncer­
tainty in the Nussel t  number found for  the experiment was 7.51 
per  cent .  A l is t ing of the maximum uncertaint ies  for  various 
runs is  in Appendix B.  
UflgerfraiUlt iss  la  Rf ryflo; i<3fi  number 
The equation for  the Reynolds number uncertainty is  
wR  
1/2 
( 3 D  
The uncertaint ies  for  the individual  variables may be 
found in Appendix B.  The maximum uncertainty in the Reynolds 
number for  a l l  runs was found to be 2.53 per  cent .  I t  should 
be noted that  the measurements here were much less  cr i t ical  
than those for  the Nussel t  number,  and l i t t le  variat ion from 
run to run was encountered.  
Uncertaint les  j j l  the PfSSRUrS KMdiWnt 
The only measurement made for  this  parameter  was the 
+ 
stat ic  pressure,  which has an est imated uncertainty of  -  0.001 
i n c h  o f  w a t e r  ( o d d s  o f  2 0  t o  l ) .  
Uncerta in t ies  in turbulence intensi ty measurement 
The turbulence intensi ty was measured with a hot-wire 
anemometer  of  the constant  temperature type,  which,  for  lower 
levels  of  turbulence,  say less  than 2 per  cent ,  is  not  as  pre­
cise as  other  types.  The uncertainty interval  for  the 
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turbulence intensi ty is  expressed as  
and values of  the calculated uncertainty for  a l l  runs are in 
Appendix B.  The maximum value of  uncertainty in a l l  runs was 
17 =5 per  cent  of  the turbulence intensi ty reported.  I t  is  
important  to  recognize that  in this  work the relat ive values 
of  turbulence intensi ty are more of  value than the absolute 
magnitude.  In addit ion,  only a very low turbulence inten­
si t ies ,  where the f luctuat ing components  are small  and 
therefore hard to measure,  was the uncertainty this  large.  
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RESULTS OF THE EXPERIMENTAL INVESTIGATION 
The resul ts  of  the experimental  invest igat ion are pre­
sented and discussed in the fol lowing sect ion classif ied 
according to the variables of  primary interest  in each series  
of  tests .  Comparisons to published works of  others  are made 
where possible.  
Zero Pressure Gradient  
The f i rs t  series  of  tests  was carr ied out  with no pres­
sure gradient  along the plate surface.  The object ive of  these 
tests  was to check the wind tunnel  and plate equipment against  
earl ier  analyt ical  and experimental  work that  had been done on 
this  configurat ion,  and to observe the effects  of  an increased 
free-stream turbulence,  intensi ty to check the resul ts  of  other  
invest igators .  The pressure distr ibution for  this  series  of  
tests  is  shown in Figure 9 as  the rat io of the s tat ic  pressure 
to the stagnation pressure of  the free stream measured oppo­
s i te  the f i rs t  heat  t ransfer  measuring s tat ion back from the 
leading edge.  All  other  pressure distr ibutions are presented 
in the same way.  
The heat  t ransfer  resul ts  are shown in Figure 10,  where 
the two sets  of  points  correspond to different  ranges of  f ree 
stream turbulence intensi t ies ,  one for  the free tunnel  with no 
grid,  where the range was from 0.40 to 0.80 per  cent ,  and the 
other  for  the range from 1.30 to 1.80 per  cent .  The higher 
Figure 9.  Stat ic  pressure distr ibution for  zero pressure 
gradient  
0 . 7 0  
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Figure 10.  Heat  t ransfer  resul ts  for  zero pressure gradient  
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range is  due to the insert ion of the 0.090-inch grid upstream 
of the plate.  
The resul ts  for  the laminar range of  Reynolds numbers 
with no grid in place agree within -  5 per  cent  of  the l ine 
representing the equation of  Pohlhausen (28) for  the laminar 
boundary layer .  For the higher Reynolds numbers,  the points  
are above the l ine and indicate that  they are deviat ing 
further  from the l ine as  the Reynolds number increases.  This  
is  to be expected as  the t ransi t ion from laminar to turbulent  
f low in the boundary layer  occurs near  these Reynolds numbers.  
The resul ts  obtained with the 0.090-inch grid in place 
indicate that  the posi t ion of  t ransi t ion moved toward the 
leading edge and that  the f low over the plate surface was pr i­
mari ly turbulent .  The points  in the turbulent  Reynolds number 
range agree with the equations from the l i terature as  shown in 
Figure 10.  The equations represented by l ines on the f igure,  
a l l  calculated for  a Prandtl  number of  0.7> are that  of  
Pohlhausen (28) for  a laminar boundary layer ,  
[ ,Nux  " °-2 9 5  (NRex  )° '5  ( 3 3 )  
the equation of  von ICarman (42) for  a turbulent  boundary layer  
X  •  ° - 2 4 1 ( X ) ° ' 8  ( 3 4 )  
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and the equation original ly due to Prandtl  (29) for  a turbu­
lent  boundary layer  
kNux  =  \  ° - 8  ( 3 5 )  
In order  to check the behavior  of  the boundary layer  as  
indicated by the heat  t ransfer  resul ts ,  veloci ty profi les  of  
the boundary layer  were taken a t  several  posi t ions along the 
plate surface.  Typical  profi les  for  Reynolds numbers in the 
laminar range are shown in Figure 11 where they agree well  
with the l ine representing the Blasius solut ion to the two-
dimensional  boundary layer  equations.  Note that  points  are 
presented for  f low with and without  heat  t ransfer .  Veloci ty 
profi les  for  the turbulent  boundary layer  are shown in 
Figure 12 where the agreement with the universal  turbulent  
veloci ty profi le  is  good.  
These profi les  were plot ted on the universal  turbulent  
boundary layer  coordinates suggested,  by Clauser  (3)•  Plot t ing 
the data to these coordinates involves knowledge of  the 
coeff icient  of  f r ict ion,  c  ^ ,  defined as  
2TO 
c r  = (36) 
1  ptr  
Determination of  values of  c^ for  each run was made according 
to a procedure proposed by Clauser  (2) .  These values of  c^ 
4* + 
were then used to compute values of  u and y which are 
Figure 11.  Laminar boundary layer  profi les  for  zero pressure gradient  
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Figure 12.  Turbulent  boundary layer  profi les  for  zero pressure gradient  
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defined as  
u 
+ 
U 
u 
( 3 7 )  
y + 
Uy 
v 
(38 )  
I t  should be noted that  the temperature difference between 
the plate surface and the free stream was maintained,  a t  
approximately 3OP for  the data shown, with the exception of  the 
check points  which were a t  temperature differences of  15 and 
20 F.  Li t t le  effect  of  heat  t ransfer  on the boundary layer  
could be expected,  a t  these temperature differences since the 
variat ion in f luid propert ies  across the boundary layer  is  
small .  
The resul ts  of  this  series  show that ,  for  the Reynolds 
number range invest igated,  the analyt ical  solut ion of 
Pohlhausen and the semi-empirical  equations of  von Karman and 
Prandtl  agree with the experimental  data.  The points  also 
agree with the experimental  data of  Edwards and.  Furber (9) end 
Wang (43),  who showed that  the effect  of  increased free stream 
turbulence intensi ty only serves to advance the posi t ion of  
t ransi t ion of the boundary layer  and has no effect  on the heat  
t ransfer  in the laminar range.  
Since the free stream turbulence generated by the .090-
inch wire grid was suff icient  to cause t ransi t ion to be 
complete a t  a Reynolds number of  about  100,000,  and,  s ince the 
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results  indicate only a further  change in the posi t ion of  
t ransi t ion,  a higher free stream turbulence intensi ty would 
show only turbulent  boundary layer  f low over the Reynolds 
number range.  For this  reason,  no higher free stream turbu­
lence intensi t ies  were run.  
A further  comparison of  the data with published resul ts  
can be made by using the heat  t ransfer  data to determine the 
Reynolds numbers of  t ransi t ion and comparing them with the 
work of  Gazley (14) on t ransi t ion of the laminar boundary 
layer .  This  is  done in Figure 13 where i t  appears that  the 
experimental  plate  used had somewhat lower t ransi t ion Reynolds 
numbers than Gazley predicts .  
Low Favorable Pressure Gradient  
This  series  of  tests  was run with the lower of  two pres­
sure gradients  used.  The pressure distr ibution for  this  
series  is  shown in Figure 14.  
Low favorable pressure gradient .  ££ erid 
The heat  t ransfer  resul ts  for  the low pressure gradient  
without  a  grid arc shown in Figure 15 in the form of  the local  
Nussel t  number as  a function of the local  Reynolds 
x 
number,  N^ e  .  The Nussel t  numbers shown have been corrected 
x 
for  the unheated s tar t ing length of  the nosepiece by the same 
procedure used for  the zero pressure gradient  data.  
Figure 13.  Transi t ion Reynolds numbers for  zero pressure 
gra dien t  
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Figure 14.  Stat ic  pressure distr ibution for  low favorable 
pressure gradient  
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The points  obtained by experiment l ie  only s l ightly above 
the Pohlhausen relat ion for  the laminar boundary layer  and no 
s ignif icant  increase in heat  t ransfer  is  apparent .  No indica­
t ion of  boundary layer  t ransi t ion is  evident  from these data.  
The absence of  a  t ransi t ion region in the heat  t ransfer  
data is  confirmed,  by boundary layer  profi les  taken a t  several  
s tat ions along the plate surface.  Since there was a  pressure 
gradient  along the plate surface,  the free stream veloci ty 
could be expected to vary with distance back from the leading 
edge of  the plate,  and the boundary layer  profi les  could no 
longer be expected to conform to the shape of  the Blasius 
profi le .  However,  the fact  that  the heat  t ransfer  data 
correlate in a s traight  l ine on the coordinates used suggests  
a s imilari ty in boundary layer  profi le  shape.  This  can be 
explained by noting that  there are some solut ions of  the 
laminar boundary layer  equations which admit  s imilar  profi les  
and have a variat ion in free stream veloci ty.  One solut ion of  
this  type applies  to the free-stream veloci ty variat ion 
U ( x )  =  C x m  ( 3 9 )  
where C and m are constants .  This  corresponds to a solut ion 
of  Palkner and Skan's  (11) equations of  the two-dimensional  
boundary layer  found by Hartree (1?)•  
The present  test  condit ions approximated this  type of  
solut ion.  The free stream veloci ty was plot ted as  a function 
of  length on logari thmic coordinates and the slope found.  
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The exponent  m as  found by this  method was 0.149 for  the low 
pressure gradient ,  independent  of  the magnitude of  the free 
stream veloci ty.  The boundary layers  were then plot ted using 
Hartree 's  coordinates as  shown in Figure 16 where coordinates 
for  m = 0.149 were interpolated between the tabulated values 
for  m = 0.10 and m = 0.20 given in Hartree 's  paper (17).  I t  
is  seen that  the data correlate well  on these coordinates and 
that  the analyt ical  solut ion by Hartree is  closely fol lowed 
for  the range of  Reynolds numbers invest igated.  The differ­
ence between Hartree 's  defini t ion of the parameter  r \  and 
The turbulence intensi ty range over which the data were 
obtained,  was from 0.42 to 0.74 per  cent .  No effect  of  this  
low level  of  turbulence is  noticeable from ei ther  the heat  
t ransfer  data or  the boundary layer  data.  
The temperature difference between the plate and the free 
stream was a  nominal  3° The actual  temperature difference 
varied by less  than 1  F from s tr ip to s tr ip along the plate 
surface while the deviat ion from the nominal  terperaturc 
difference for  the whole plate  was about  1  F.  Because of  the 
small  temperature difference between the plate surface and the 
free stream, l i t t le  effect  of  heat  t ransfer  on the posi t ion of  
the t ransi t ion point  of  the boundary layer  could be expected.  
Low favorable pressure P*P9Q 
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Figure 16.  Boundary layer  profi les  for  low pressure gradient  with no grid 
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resulted in an increase in Nussel t  number from the values 
found for  data taken with no grid,  the plate being undisturbed 
from the posi t ion i t  occupied for  the runs with no grid.  The 
variat ion in local  Nussel t  number corrected for  unheated.  
s tar t ing length with Reynolds number is  shown in Figure 17• 
The heat  t ransfer  data points  l ie  from 15 to 35 per cent  
above the Pohlhausen relat ion l ine at  the low Reynolds numbers.  
A t ransi t ion from laminar to turbulent  f low in the boundary 
layer  is  indicated,  in the Reynolds number range from 200,000 
to 250,000.  The data points  for  f lows with Reynolds numbers 
higher than 250,000 l ie  close to the l ines representing 
Equations 3^ and 35 for  turbulent  f low. 
Boundary layer  profi les  for  the data are plot ted in 
Figures 18 and 19• The profi les  in Figure 18 are shown com­
pared with Hartree 's  solut ion as  was done for  the boundary 
layer  profi les  taken when no grid,  was present .  The experi­
mental  points  in this  f igure are for  Reynolds numbers up to 
244,900,  which is  in the region of  t ransi t ion indicated by the 
heat  t ransfer  data.  I t  is  clear  from this  f igure tnat  the 
veloci ty distr ibutions for  different  Reynolds numbers are more 
scat tered than those taken with no grid.  Since Hartree 's  
solut ion results  in profi les  which are similar  in profi le  for  
a given value of  m, but  different  Reynolds numbers,  and,  s ince 
the data obtained with no grid behaved in this  manner,  the 
increase in free-stream turbulence intensi ty seems to have a t  
least  part ial ly destroyed the s imilari ty of  the profi les .  
gure 17.  Heat  t ransfer  resul ts  for  low favorable pressure 
gradient  with 0.090-inch grid 
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I t  is  also interest ing to note that  the profi le  da va 
taken with the 0.090-inch grid present  are general ly to the 
lef t  of  the analyt ical  l ine,  whereas the profi le  data taken 
with no.  gr id present  l ie  on the l ine.  Thus,  i t  also appears 
that  the shape of  the profi le  has been changed s l ightly with 
the addit ion of  the grid.  
A further  examination of  the boundary layer  profi les  
indicates that  the distr ibutions for  Reynolds numbers of  
208,300,  210,800 and 244,900 deviate most  from the rest  of  the 
data.  These profi les  are a l l  in the t ransi t ion region as  
determined by the heat  t ransfer  data and might  therefore 
exhibi t  errat ic  behavior .  
The boundary layer  profi les  for  Reynolds numbers of  
244,900 and higher were apparently turbulent  on the heat  
t ransfer  plot .  To confirm this ,  these profi les  are plot ted,  on 
the universal  turbulent  boundary layer  coordinates in Figure 
19,  where the profi le  for  the t ransi t ion Reynolds number of  
244,900 deviates most  from the other  profi le  data.  I t  may 
thus be concluded that  the t ransi t ion indicated by the 
boundary layer  profi les  and that  shown in the heat  t ransfer  
correlat ion are in agreement,  and that  this  part icular  pro­
f i le  was indeed,  in  the t ransi t ion region.  
The turbulence intensi t ies  for  these data ranged from 
1.84 to 3.20 per  cent .  The effects  of  rais ing the free stream 
turbulence seem to have been an increase in the Nussel t  number 
for  the laminar boundary layer  range and a lowering of  the 
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t ransi t ion Reynolds number range to approximately 200,000 to 
250,000.  In addit ion,  s imilari ty of  the boundary layer  pro­
f i les  has been somewhat destroyed and the general  shape of  
these profi les  has been affected.  
lpw favorable pressure gredieat, grW 
The turbulence produced by the 0.250 inch grid,  raised the 
Nussel t  numbers for  low Reynolds numbers approximately the 
same amount found for  the 0.090 inch grid e  A value for  the 
increase a t  a higher Reynolds number is  hard to est imate s ince 
i t  is  not  possible to tel l  where the t ransi t ion from laminar 
to turbulent  f low occurs.  
The heat  t ransfer  data shown in Figure 20 do not  indi­
cate any t ransi t ion of the boundary layer ,  and i t  appears that  
the points  fal l  on a  l ine of the turbulent  heat  t ransfer  
correlat ion equations extended to the lower Reynolds numbers.  
Invest igat ion of the boundary layer  profi les  tends to support  
this  idea.  The boundary layer  profi le  for  the lowest  Reynolds 
number in Figure 21 nearly matches the l ine for  Hartree 's  
solut ion for  the plate without  free stream turbulence.  As the 
Reynolds numbers increase,  the points  fan out  unt i l  poor 
agreement with the solut ion is  apparent .  The l ine on Figure 
21 that  deviates most  from the Hartree solut ion is  for  a 
Reynolds number of  141,900.  This  same profi le ,  when plot ted 
on the universal  turbulent  boundary layer  coordinates of  
Figure 22 agrees fair ly well  with the universal  profi le ,  and 
Figure 20.  Heat  t ransfer  resul ts  for  low favorable pressure 
with 0.250-inch grid 
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the points  of  profi les  for  higher Reynolds numbers agree even 
bet ter .  Thus the change from laminar to turbulent  f low is  not  
characterized by à dis t inct  t ransi t ion in this  case,  but  in a 
gradual  change which is  apparently brought  about  by the 
increased,  f ree stream turbulence.  The region of  t ransi t ion 
has thus been "stretched out" from a relat ively small  and 
easi ly identif iable locat ion to one in which the "point"  of  
t ransi t ion is  large and.  no longer discernable from the heat  
t ransfer  data.  
A comparison of  the boundary layer  profi les  for  the data 
taken a t  the low pressure gradient  shows that  the general  pro­
f i le  shape has changed even more from the changes noted,  for  
the 0.090 inch grid.  This  change is  evident  from Figure 23 
where the open points  represent  the intermediate free stream 
turbulence level  of  the 0.090 inch grid and the f lagged,  points  
represent  the turbulence level  of  the 0.250 inch grid.  In 
general ,  the thickness of  the boundary layers  represented,  by 
the f lagged points  is  greater  than the thickness of  those for  
the open points .  I t  might  then be hypothesized that  the 
boundary layer  is  thickening with increasing free stream tur­
bulence level ,  under the influence of  a  pressure gradient .  
I t  is  recal led,  that  the thickening of the boundary layer  is  a 
characteris t ic  of  t ransi t ion from laminar to turbulent  f low. 
Thus,  one might  expect  that  the heat  t ransfer  resul ts  for  the 
higher free-stream turbulence intensi t ies  are just if ied in 
appearing as  a continuation of  the correlat ion for  turbulent  
Figure 23• Comparison of  boundary layer  profi les  for  low favorable pressure 
gradient  with 0.090- and 0.250-inch grids 
1.0 
0 . 8  -
|3 l fc> 
•U 
cd 
u 
>> u 
•H 
U O 
<D >  
0.6 
0.4 
% 
% o%n^  b 
" £ V* 
Vv 
?o 
•V-
->J u 
9^ 
S» 
43 
O 
A 
Open points  from 0.090-inch grid 
Flagged points  from 0.250-inch grid 
vo XO 
0 . 2  -
100 
f low since the boundary layer  is  no longer purely laminar 
under these condit ions.  
High Favorable Pressure Gradient  
The resul ts  of  this  sect ion are for  tests  carr ied out  
with the highest  of  the pressure gradients  used.  The pressure 
distr ibution for  this  series  is  shown in Figure 24.  
High favorable pressure gradient ,  jdo grid 
The heat  t ransfer  data for  an increased pressure gradient  
with no turbulence-producing grid shown in Figure 25 are simi­
lar  to those obtained,  with the lower pressure gradient  in that  
most  of  the points  l ie  only s l ightly above the l ine for  the 
Pohlhausen relat ion for  a laminar boundary layer .  In this  
case,  however,  the change of  posi t ion of  the false tunnel  wall  
required an increased pressure drop through the test  sect ion,  
which in turn necessi tated operat ion of  the tunnel  a t  pressure 
rat ios for  which the free stream turbulence intensi ty was 
somewhat higher than the range of  turbulence intensi t ies  used 
with the lower pressure gradient .  This  operat ion resulted in 
a turbulence intensi ty range of  from 0.?4 to 0.92 per  cent .  
The increased level  of  turbulence advanced the posi t ion of the 
boundary layer  t ransi t ion so that  the da ta  taken a t  higher 
Reynolds numbers entered,  the t ransi t ion range.  Thus,  an 
increase in Nussel t  number over the Pohlhausen relat ion is  
found,  a t  Reynolds numbers above 250,000 in Figure 25.  The 
heat  t ransfer  data taken a t  a Reynolds number of  4-56,300 
Figure 24.  Stat ic  pressure distr ibution for  high favorable 
pressure gradient  
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appear to be in the turbulent range. 
The value of the exponent m in the free stream was found 
to be 0=160, independent of the magnitude of the free stream 
velocity.  The boundary layer profiles in Figure 26 are com­
pared. with the l ine representing Hartree's solution for this 
value of m. These profiles display the same similarity of 
profile shape found, for the low pressure profiles taken with­
out a grid,  for Reynolds numbers up to 322,000. One further 
profile was taken for the heat transfer point at  a Reynolds 
number of 456,300. This profile was plotted on the universal 
turbulent boundary layer coordinates in Figure 27, where the 
agreement with the universal profile is  only fair .  I t  was 
concluded, that this point was in the transition range. 
High favorable pressure gradient.  0.090 inch grid 
The heat transfer data for the higher pressure gradient 
with the 0.090 inch grid, in place behaved similar to the data 
found for the corresponding turbulence level with the lower 
pressure gradient.  The low Reynolds number points are from 
15 to 35 per cent higher than the recommended equation, as 
shown in Figure 28. A transition from laminar to turbulent 
flow is found in the Reynolds number range from 200,000 to 
250,000 as was found for the lower pressure gradient.  The 
points in the turbulent Reynolds number range are in agreement 
with equations and the recommended equations of Prandtl  and 
von Karman respectively. 
Figure 26. Boundary layer profiles for high favorable pressure gradient with no 
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Figure 27. Turbulent boundary layer profiles for high favorable pressure 
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The boundary layer profiles in Figures 29 and 3° with the 
heat transfer data show that the position of transition and 
the character of the boundary layer is  much the same as pre­
dicted above from the heat transfer data and. might be 
predicted, from the behavior at  the lower pressure gradient.  
The profiles tend toward, non-similarity for the laminar range 
and. differ from the Hartree solution, especially for the 
Reynolds numbers approaching the transition region. The pro­
fi les for the turbulent region agree with the universal 
profile.  
The range of turbulence intensity for these data was from 
2.06 to 3•20 per cent.  
High favorable pressure gradient.  0.2S0 inch grid 
An effect of increase of Nusselt  number with free stream 
turbulence intensity is found in Figure 31 for the 0.250 inch 
grid which is  similar to that found for the 0.090 inch grid.  
At the low Reynolds numbers,  an increase of about 14 per cent 
was found, but estimation of further increases for the laminar 
boundary layer at  higher Reynolds numbers was not possible due 
to the difficulty in establishing a Reynolds number region for 
transition. The data again appear to be an extension of the 
Prandtl  and von Karman relations for turbulent flow. 
The boundary layer profiles shown in Figure 32 exhibit  
tendencies similar to those found, for the low pressure gradi­
ent.  The profiles suggest that at  a Reynolds number of about 
Figure 29. Boundary layer profiles for high favorable pressure gradient with 
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121,300 the transition region is reached, but that the region 
is much larger than was found, for lower free stream turbulence 
levels,  and not so easily defined. The turbulent boundary 
layers in Figure 33 agree with the universal profile as has 
been the case for all  turbulent profiles included in the work. 
The changes of profile shape and lack of similarity are 
again evident in the curves.  A comparison of these changes 
is  made in Figure where the flagged points represent the 
turbulence level generated by the 0.250 inch grid.  The free 
stream turbulence levels found for the data presented, here 
are from J,6k to 8.20 per cent.  
Discussion of the Results and. Conclusions 
The papers of Wang (43) and Edwards and Furber (9) and. 
the results of this investigation agree on the effect of free 
stream turbulence intensity on the heat transfer from a f lat  
plate with zero pressure gradient.  In all  of these researches, 
only a change of the position of transition from laminar to 
turbulent flow in the boundary layer takes place when the free 
stream turbulence intensity is increased..  
The data obtained, in this work do not agree with the 
results of Sugawara, ££ £i .  (37).  The reasons for the disa­
greement are not fully apparent.  Perhaps some difference 
between the data of Sugawara, and. that of this paper 
is  due to the non-time-steady method of energy transfer meas­
urement used in the former. If  so, further investigation of 
Figure 33• Turbulent boundary layer profiles for high favorable pressure gradient 
with 0.250-inch grid 
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non-time-steady cooling on the laminar boundary layer is  in 
order.  
The data of Feller and Yeager (12) were taken with a 
minimum free stream turbulence intensity which was much larger 
than the maximum turbulence intensity used in the zero pres­
sure gradient portion of this work. In addition, the static 
pressure distribution along the plate surface is  not given. 
For these reasons, no direct comparison can be made. I t  is 
interesting to note,  however,  that the slopes of the relations 
presented by Feiler and. Yeager are different for heat transfer 
without a sound field present and for heat transfer with a 
sound f ield.  Surprisingly, the slopes for data taken with a 
sound field,  are nearly the same as those found in this work, 
while the slopes of data taken without a sound field do not 
correspond with other results found in the l i terature.  
Comparison of the present data with that taken on a f lat  
plate with a pressure gradient by Wang (43) is  also appropri­
ate.  Wang's points are plotted in Figure 35 along with l ines 
representing data from this investigation. The pressure 
gradient used in Wang's work was not the same as either of 
those used in this work, based on a comparison of the data of 
this work with curves given by Wang. I t  is  also probable 
that the pressure gradient used by Wang was one for which the 
expression for the free-stream velocity as a function of the 
distance from the leading edge was different than the function 
used. here.  Nevertheless,  Figure 35 shows that Wang's data 
Figure 35» Comparison of present data with that of Wang (43) 
Numbers next to points represent per cent tur­
bulence intensity found by Wang. Lines represent 
trends of data from both pressure gradients for 
this work. 
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generally follow the trends of the data from this work. 
Wang used, turbulence intensities in the ranges of 0.38 to 
0.62 per cent and 1.12 to 1.71 per cent.  In the higher turbu­
lence range, for Reynolds numbers greater than 150,000, the 
points agree well  in slope, but Wang's Nusselt  numbers are 
about 20 per cent lower than the l ine representing this work. 
The points for Reynolds numbers below 150,000 are scattered, 
and do not agree. 
Similarly,  the points above a Reynolds number of 125,000 
in the lower turbulence intensity range generally agree in 
slope, but have Nusselt  numbers from 10 to 3° per cent lower. 
The points below a Reynolds number of 125,000 follow a l ine of 
lower slope than other points in this turbulence intensity 
range. 
The above discussion shows that the work of Wang and the 
present data agree at  least qualitatively. The greatest 
differences are in the magnitude of the Nusselt  number 
increase. 
One further comparison with published data can be made. 
A proposed theory on the transition of the laminar boundary 
layer in the presence of a pressure gradient has been pub­
lished by van Driest and Blumer (4l).  From this theory, an 
equation can be derived which relates the free stream turbu­
lence intensity,  the Pohlhausen pressure gradient parameter A, 
the Reynolds number based on the local boundary layer thick­
ness and the local free stream velocity.  Thus, for a f lat  
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plate,  
3e36(NR e  )2(T2)  + (1 -  0,0485A)NR e  -  9860 = 0 (40) 
5 S 
where Be^ is  the Reynolds number, A is the Pohlhausen para­
meter 
6% dp 
A  ™ >a dx ( 4 l )  
and T is  the free stream turbulence intensity.  The equation 
is  plotted in Figures 36 and 37 for the high and low pressure 
gradients respectively. The areas to the left  and below the 
l ines represent stable or laminar-flow conditions, while the 
areas above and to the right of the l ines represent unstable 
or turbulent conditions. The two values of A shown bracket 
the range of experimental values of A found for all  data in 
this work. I t  is interesting that the magnitude of A has 
l i t t le effect on the transition boundary layer Reynolds number 
except at  very low turbulence intensities.  The experimental 
points near the l ine representing transitional boundary layer 
Reynolds numbers shown on Figures 36 and 37 are labelled with 
their respective Reynolds numbers based, on distance from the 
leading edge of the plate.  
Both figures show no approach to the l ine representing 
the transition Reynolds number except for the point at  a 
Reynolds number of 456,300 based on distance from the leading 
Figure 36. Low pressure gradient data compared with the boundary-layer transition 
criterion of van Driest and Blumer (41) 
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edge for  the high pressure gradient  with no grid.  This  point  
is  on the l ine representing t ransi t ion,  and,  comparing with 
the boundary layer  profi les  for  that  series  of  data,  appears 
as  the f i rs t  turbulent  point  a t  the end of  the t ransi t ion.  
The intermediate turbulence levels  for  both pressure 
gradients  agree with the van Driest  and Blumer equation also,  
with t ransi t ion Reynolds numbers based on distance from the 
leading edge bracketing the l ine in both cases.  Again,  these 
correspond to the transi t ion Reynolds numbers found from the 
boundary layer  profi le  analysis .  
The high turbulence level  data in both cases have points  
which approach the recommended l ine from the turbulent  s ide,  
thus indicat ing that  the points  were above the t ransi t ion 
Reynold s  number based on boundary . layer  thickness.  This  
suggests  that  these points  were a t  least  in t ransi t ion,  i f  not  
turbulent .  The heat  t ransfer  data for  these points  fal l  along 
the l ines recommended for  turbulent  boundary layers and thus 
these results  are to be expected,  according to van Driest  and 
Blumer.  
The t ransi t ion cri ter ion used above has an interest ing 
further  point  that  should,  be considered.  In deriving their  
equation,  van Driest  and Blumer used,  an analysis  which assumed 
that  the scale of  turbulence in the free stream was of  the 
same order of  magnitude as  the boundary layer  thickness.  To 
check their  theory against  the present  data,  an est imation of 
the scale of turbulence used in this  work is  necessary.  Since 
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no measurements of  scale were made due to lack of equipment,  
the approximate eddy s ize may be est imated from the work of  
Dryden ££ iLL= (6)  where data on the scale of  turbulence down­
stream of grids is  published.  For a l l  tests  performed,  the 
scale of turbulence varies from 0.125 inches up to 0.288 
inches.  Since these eddy s izes are easi ly of the order of  
magnitude of  the boundary layer  thicknesses involved,  the 
comparison with van Driest  and Blumer 's  theory is  val id.  
The previous analysis  of  the experimental  results  leads 
to several  conclusions :  
1.  The new data presented in this  thesis  support  the 
proponents  of  the theory that  there is  no effect  of  the free-
stream turbulence intensi ty on heat  t ransfer  through a laminar 
boundary layer  with zero pressure gradient .  There is  nothing 
in the present  results  that  suggests  changes other  than moving 
the posi t ion of  t ransi t ion of the boundary layer  for  a change 
in free-stream turbulence intensi ty.  
2.  This  work provides evidence that  when a  pressure 
gradient  is  imposed on the laminar boundary layer ,  and the 
free-stream turbulence intensi ty is  raised,  an increase in the 
Nussel t  number wil l  result ,  assuming the Reynolds number of  
the f low remains unchanged.  Whether the boundary layer  
remains t ruly laminar during this  process is  shown to be 
doubtful .  The boundary layer  profi les  indicate a change in 
shape due to the increase in free-stream turbulence,  and they 
also show a loss of  the s imilari ty that  existed prior  to the 
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increase of turbulence intensity.  The review of the turbulent 
boundary layer by Clauser (3) points out a similar process 
undergone by a laminar boundary layer in transit ion.  Because 
the boundary layer equations for flow with a pressure gradient,  
including the f luctuating components of the velocity,  have 
terms that  resemble the Reynolds stresses of turbulent f low, 
i t  is  reasonable to conclude that  the flow is  qua si- laminar,  
or  in transit ion.  
3. The data obtained in this study in the turbulent 
boundary layer range do not exhibit  an increase in Nusselt  
number for any of the condit ions tested. .  Although the range 
of test ing in this region was l imited,  i t  appears that  no 
increase is  to be expected.  This point  of view is  in con­
currence with the general  ideas of the wall  layers of turbu­
lent  flow. Again referring to Clauser (3), i t  is  found that  
the turbulent boundary layer shows l i t t le  change in the 
velocity profi le of the laminar sublayer and the inner wall  
layer with the imposit ion of a.  pressure gradient along the 
plate surface.  Since the velocity distr ibution in this region 
is  all- important in changing the temperature distr ibution,  
l i t t le  change in the lat ter  could be expected.  
4.  The velocity profi les for the boundary layers offer 
substantial  support  for the transit ion theory of van Driest  
and Blumer (39).  Although they have compared their  theory 
against  the data of others taken on a body of revolution,  the 
data of this  work offer the f irst  direct  comparison for the 
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f lat  plate,  in order to fully substantiate the theory of 
van Driest  and Blumer,  more work is  needed in the very low 
turbulence area.  
The conclusions stated above suggest  further analytical  
and experimental  investigations that  may be based on the 
f indings of this  work.  Some possible projects are:  
1.  An analytical  and/or experimental  study of the inter­
action of free-stream turbulence and. a  favorable pressure 
gradient to determine how the shape of the boundary layer pro­
f i le changes with changes in free-stream turbulence and 
pressure gradient.  
2.  An analysis of heat  transfer in a pressure gradient 
that  includes the effect  of scale or eddy size on the heat  
transfer coefficient  from a f lat  plate.  
3« An experimental  investigation along the l ines of 
paragraph 2,  but including measurements of the Reynolds 
stresses in the boundary layer as the pressure gradient and 
the free-stream turbulence intensity are varied.  These could 
then be compared,  with Reynolds stress terms found in the equa­
t ions discussed in the analysis section of this  thesis.  
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APPENDIX A 
The following definit ions of the terms turbulence inten­
si ty ,  scale of turbulence and spectrum of turbulence have been 
used,  in the text  material .  
Turbulence Intensity 
The turbulence intensity for this work is  defined as 
where U1  is  the f luctuating component of the free-stream 
velocity and U is  the t ime-average value of the free-stream 
velocity.  In general ,  the definit ion of turbulence intensity 
should include the f luctuations in al l  three coordinate 
directions,  but due to the implicit ly assumed condit ion of 
isotropy of the free-stream fluctuations,  the definit ion is  
that  used above.  
The scale of turbulence is  defined for the references 
made to i t  in this work as 
(42) T 
U 
Scale of Turbulence 
r<*> 
L (43) 
where the correlation coefficient  is  defined as 
14-6 
U'AU'B 
Rxu'  ~ r~z~ 2  f -  g 
V U'A Z\j u'b 
The scale of turbulence defined,  as above is  sometimes known 
as the macro-scale or integral  scale of turbulence and may 
be thought of as a measure of the eddy size in the flow. The 
velocity f luctuations U'^ and U'g are measured at  two points 
located on the x-axis and spaced a distance x apart .  
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APPENDIX B 
The uncertainty in  the Nussel t  number i s  calculated from 
the f inal  form of  Equat ion 26,  given below 
W' N 
xw Q s.  "x x 2 
A ka l ts  "  t f ) /  +  \A ka ( ts  -  t f )  '  +  
XW, V x w t  
_ t f )  A ka (  ts  "  t f )  
1/2 
(45) 
In  using this  equat ion to  calculate  the uncertainty,  i t  was 
assumed that  the value of  thermal  conduct ivi ty  of  the a i r  was 
precise  enough that  any error  in  i t s  magnitude had negl igible  
effect  on the resul tant  uncertainty in  the Nussel t  number.  
Each of  the uncertainty intervals  in  Equat ion 45 must  be 
evaluated giving odds that  the values  for  each var iable  wil l  
l ie  in the interval  specif ied.  The uncertainty intervals  for  
the quant i t ies  used for  computing the Nussel t  number are  given 
in  Table  1 .  
Table  1 .  Values  of  uncer ta inty used for  calculat ing the 
uncertainty in  the Nussel t  number 
Variable  Uncertainty interval  Odds 
x  t  0.02 in .  20 to  1  
A ± 0 .001 sq.  f t .  20 to  1  
( t  -  t  ) ±  0 .5  F 20 to  1  
varies  -  see text  20 to  1  
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The uncertainty interval  for ^  is a function of the 
variables used to calculate and thus must be treated,  in a 
manner s imilar to that  for f inding 
to obtain was 
.  The relat ion used.  
x 
% ~ P  " qr  ™ qc (19) 
Substi tuting from Equations 20 and 21 for P,  q^ and q^,  
4 4.  
R -  €<3"A[T -  T ]  - x_ (46) 
The uncertainty in is  then 
w Q 
7 dS: 
\  W WE 
\ % / \ 
V
' "J  + \  
a 
+  (  d Ts % ) +  (  8 Ia"Ta) 
+ l 2
-5rMA j + u( t  -  ow t , 1  +  3 
2n 
a xp ™ x -
1/2 
(47) 
in which i t  has been assumed, that  k^,  d", and 6 all  have small  
enough variat ions in their  true values that  the contribution 
of cach and the total  contribution of their  aggregate uncer­
tainty will  bo negligible.  
I t  was not possible to obtain experimental  values of the 
emissivity so values were taken from the technical  l i terature.  
Unfortunately,  experimenters do not agree on a s ingle value of 
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emissivl ty ,  probably because of  surface condi t ions or  the l ike.  
As a  resul t ,  values  found in  the l i terature  var ied from 0.05 
to  0. I5 .  Because this  var ia t ion is  not  random, i t  cannot  be 
included,  in  the uncertainty analysis .  I t  was assumed for  the 
analysis  that  the value of  emissivl ty  was 0 .10 and that  the 
random var ia t ion in  this  assumption was small .  This  assump­
t ion means that  errors  in  the value of  % may resul t .  
Calculat ions of  with the maximum and minimum values  of  
emissivi ty  noted above show that  under  the worst  possible  con­
di t ions for  this  work,  could vary by as  much as  2.3  per  
cent .  Interest ingly enough,  of  a l l  the experimenters  quoted 
in  re la t ion to  this  work,  only one (Wang,  (41)  )  has  used a  
correct ion for  the radiant  loss .  The others  have neglected i t  
as  unimportant .  The uncertainty intervals  for  the var iables  
used to  calculate  G are  given in  Table  2 .  
Table  2 .  Values  of  uncer ta inty interval  for  var iables  used in  
calculat ing the net  heat  loss  % 
Variable  Uncertainty interval  Odd s  
E ± 0.005 V 20 to  1  
B ± 0.003 0 20 to 1 
T ± 0.50 F 20 to  1  
s  
T ± 0 .50 F 20 to  1  
A ± 0 .001 sq.  f t .  20 to  1  
( t  -  t ,  )  ±  0 .25 F 20 to  1  
s  b 
x ± 0 .01 in .  20 to  1  
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When the uncertainty intervals in Tabic 2 are used,  to 
calculate uncertainties in ,  i t  quickly becomes apparent 
that  only two of the variables were of importance,  the voltage 
reading E and the temperature difference ( t  -  t ,  ) .  Further­
more ,  when the result ing value of uncertainty in is  used to 
calculate the uncertainty in the Nusselt  number,  i t  is  found 
that  this quanti ty is  dependent to a large degree on the 
uncertainty in Q. .  Thus, ,  measurements of are the cri t ical  
point  for meaningful data.  Because of this  dependence on the 
uncertainty in Q^, uncertainties in other quanti t ies which 
were not significant with respect  to the uncertainty in 
were neglected.  Results  showing the maximum uncertainty for 
each set  of data are given in Table 3• 
The uncertainty in the Reynolds number was calculated 
from 
wR  
1/2 
(48) 
using the uncertainties l isted,  in Table 4.  The analysis 
showed, that  the uncertainty in the Reynolds number was depend­
ent almost exclusively on the uncertainty in the velocity 
measurement.  Because of the small  dependence on the distance 
x and the kinematic viscosity v,  these variables were neg­
lected in the f inal  computations.  The maximum uncertainty in 
The Reynolds number is  tabulated in Table 3• 
Table 3.  Maximum uncertainties in Nusselt  number,  Reynolds number and turbulence 
intensity 
Maximum 
uncertainty in 
turbulence intensity 
% 
Zero pressure gradient,  
no grid + 4.96 + 2.41 + 16.8 
Zero pressure gradient,  
0.090 in.  grid + 5.23 + 2.56 + 8.2 
Low pressure gradient,  
no grid + 7.51 + 2.53 + 17.1 
Low pressure gradient,  
0.090 in.  grid + 4.68 + 2.23 + 9.5 
Low pressure gradient,  
0.250 in.  grid + 6.42 + 2.19 + 9.6 
High pressure gradient,  
no grid + 4.80 + 2.16 + 17.5 
High pressure gradient,  
0.090 in.  grid + 4.99 + 2.66 + 11.8 
High pressure gradient,  
0.250 in.  grid + 6.19 + 2.22 + 9.7 
Maximum Maximum 
ta 1 
I t  
% 
d uncer inty in uncertainty in 
u r i  Nussel number Reynolds number 
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Table 4.  Values of uncertainty used,  in the computation of 
uncertainty in the Reynolds number 
Variable Uncertainty interval  Odds 
Ù - 0.5 f t .  per sec.  20 to 1 
X - 0.02 in.  20 to 1 
The uncertainty in the turbulence intensity was found 
from 
The uncertainties for the various quanti t ies are l isted in 
Table 5* Values of the uncertainty in the turbulence 
intensity are given in Table 3* 
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Table 5» Uncertainties for turbulence intensity calculation 
Variable Uncertainty interval  .Odds 
e"2  -  0.002 v 20 to 1 
e t 0.05 v 20 to 1 
o 
e~~ -  0.05 v 20 to 1 
w 
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APPENDIX G 
Assembly Drs win g of Plate 
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APPENDIX D 
A set  of sample heat  transfer calculations is  worked, out  
below. The data are taken from the low pressure gradient 
series with the 0.090-inch grid installed.:  
Power input 
E2  P = g (conversion factor)  
1.21 
0.308 (3*^13)  
13.43 Btu/hr 
Radiation loss 
q. 
r  a'V - V' 
O . I36 Btu/hr 
Conduction loss 
v 
q 
c — (t .  -  V 
(0.143)(0.O833)(12)(1.48) 
(0.1405) 
1.51 Btu/hr 
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Net loss by convection 
% = P  -  % -  qo 
= 13.43 -  0.136 -  1.51 
= II .78 Btu/hr 
NuSSS^fr number 
S ,  x 
N Nu A ( ts  -  t f^a.  
11.78(0.891)  
0 .0833(14.4)(0.0154)  
568 
Correction for unheated start ing length ( turbulent region) 
39/40-1-7/39 
%Nu '  corrected = N 
x x 
- ( k )  
= 568(0.969)  
= 550 
Bomber 
pUx 
'k r~ 
(0.07013)(58.9)(0.891) 
125.5 X 10"7  
= 293,100 
